ATP-binding cassette (ABC) transporters constitute a large superfamily of integral membrane proteins that includes both importers and exporters. In recent years, several structures of complete ABC transporters have been determined by X-ray crystallography. These structures suggest a mechanism by which binding and hydrolysis of ATP by the cytoplasmic, nucleotide-binding domains control the conformation of the transmembrane domains and therefore which side of the membrane the translocation pathway is exposed to. A basic, conserved two-state mechanism can explain active transport of both ABC importers and ABC exporters, but various questions remain unresolved. In this article, I will review some of the crystal structures and the mechanistic insight gained from them. Future challenges for a better understanding of the mechanism of ABC transporters will be outlined.
INTRODUCTION
ATP-binding cassette (ABC) transporters are a large superfamily of membrane proteins with diverse functions (Holland et al. 2003) . They convert the energy gained from ATP hydrolysis into trans-bilayer movement of substrates either into the cytoplasm (import) or out of the cytoplasm (export). In both cases, ATP hydrolysis is catalysed by a pair of cytoplasmic ABCs (also termed nucleotide-binding domains, NBDs), whereas the translocation of the substrate is facilitated by a pair of transmembrane domains (TMDs). The basic domain architecture and schematic mechanism are shown in figure 1. Note that importers have, to this date, only been found in prokaryotes, whereas exporter-type ABC transporters are expressed ubiquitously in all kingdoms of life. Considerable efforts have been directed at understanding the detailed mechanism of ABC transporters, which is in part motivated by the fact that there are several clinically relevant examples (Gottesman & Ambudkar 2001) . Since the clustering of prokaryotic and eukaryotic ABC transporters into one protein family (Higgins 1992) , various and sometimes contradictory mechanistic models have been presented and discussed. The advent of high-resolution structures of full length ABC transporters in recent years have led to a more unified picture (Hollenstein et al. 2007a) . In particular, it appears that a conserved coupling mechanism may allow both ABC importers and exporters to convert ATP binding and hydrolysis to conformational changes that facilitate active transport ).
A CONSERVED COUPLING MECHANISM FOR ABC TRANSPORTERS
The NBD is the conserved domain of this protein family, and may be regarded as a common engine attached to diverse TMDs. NBDs contain two subdomains, one resembling the functionally unrelated RecA protein, and another that has been dubbed the 'helical sub-domain'. There are several conserved sequence motifs in the NBDs, all with specific functions (Jones & George 2004) . The most important of these are the P-loops (Walker-A motifs), located in the RecA-like sub-domain, and the LSGGQ motif (denoting the amino acid sequence in single letter code), located in the helical sub-domain. In full transporters, the two NBDs assemble such that these conserved motifs are exposed at the shared interface in a head-to-tail arrangement (figure 2). This arrangement generates two ATP binding and hydrolysis sites between the P-loops of one NBD and the LSGGQ motif of the other, hence the name 'head-to-tail' (figure 2a). In the absence of a nucleotide, there is a gap at the domain interface, with water being able to access the nucleotide-binding sites. When ATP is bound, the interface closes and the nucleotides are sandwiched between the NBDs (Chen et al. 2003) . It is generally believed that during a single transport cycle, two molecules of ATP are consumed, which is consistent with positive cooperativity observed for ATP hydrolysis in several ABC transporters (Senior & Bhagat 1998) . Exceptions are possible where one of the ATP binding sites features mutations that prevent hydrolysis, as is the case with the cystic fibrosis transmembrane conductance regulator CFTR.
The crystal structures of full length ABC transporters have provided a plausible mechanism for coupling ATP hydrolysis to transport. Effective coupling requires the transmission of the molecular motion from the NBDs to the TMDs. At this interface, architecturally conserved a-helices, which are part of the TMDs, are present in all reported crystal structures. These 'coupling helices' interact with grooves formed at the boundaries of the two sub-domains of the NBDs, and mutational analysis suggests a similar coupling interface in ABC transporters without known crystal structures (Zolnerciks et al. 2007) . Figure 2b shows a structurebased sequence alignment of the coupling helices of ABC transporters with known high-resolution structures (i.e. available coordinate sets that include side chains). The alignment suggests that even though the coupling helix may be an architecturally conserved motif, its sequence is not conserved. This is not surprising since its interaction with the NBD within a given ABC transporter relies on specific side-chain contacts.
A comparison of the structures of Sav1866, a multidrug ABC transporter trapped in a conformation reflecting the ATP-bound state, with the molybdate/ tungstate transporter ModBC, trapped in a nucleotidefree state, has suggested a basic mechanism of coupling hydrophilic nutrients: amino acids, oligopeptides, sugars, ions, siderophores,... ATP binding and hydrolysis to transport . Upon binding of ATP, the gap between the NBD closes, bringing the coupling helices closer together. As a consequence, the TMDs flip from facing inward to facing outward. ABC importers and exporters make use of this mechanism to expose binding and extrusion sites, located in the TMDs, to opposite sides of the membrane, thus moving substrates across the bilayer unidirectionally. Even though the general coupling mechanism may be conserved, the folds of the TMDs in different transporters are not. In the following discussion, I will therefore subdivide ABC transporters into three classes.
ABC EXPORTERS
ABC exporters are found in the genomes of all organisms sequenced to date. Many organisms have multiple different transporters with diverse physiological functions; for example, the human genome codes for 48 or 49 distinct ABC transporters (Dean 2005) . For several bacterial and eukaryotic ABC exporters, the physiological substrates are unknown or uncertain. However, many are involved in multi-drug extrusion of toxic substances, which can lead to resistance of cancer cells against drugs used in chemotherapy (Gottesman et al. 2002) . Even though ABC exporters can recognize diverse substrates, they all share a common core architecture that consists of 12 transmembrane helices. These extend well beyond the cytoplasmic boundary of the lipid bilayer, and as a consequence, the ABC domains of ABC exporters are spaced approximately 25 Å away from the membrane. The TMDs of exporters are invariably fused to the NBDs, typically with the TMDs preceding the NBDs (but there are exceptions). The first high-resolution crystal structure of an ABC exporter, the Sav1866 protein from Staphylococcus aureus, revealed the fold and topology, which is remarkably intricate (Dawson & Locher 2006) . In particular, the individual TMDs are not simply aligned side by side as independent helical bundles. Rather, they embrace each other and have a significant twist (figure 3). Sav1866 was captured in a conformation that reflects the ATP-bound state , with a central cavity between the TMDs facing outward. This cavity is relatively hydrophilic and was interpreted to represent an extrusion pocket, with little or no affinity for the hydrophobic substrates. This is in agreement with biochemical data (Ramachandra et al. 1998; van Veen et al. 2000) and with the coupling mechanism discussed above. Binding of ATP would convert a presumed inward-facing conformation (exposing a binding site to the inside) to the outward-facing conformation observed in Sav1866. Upon extrusion of the substrate, hydrolysis of ATP and dissociation of the hydrolysis products from the ATP-binding pockets complete the transport cycle. The Sav1866 structure is in agreement with many biochemical studies of homologous transporters, and it has also served as a useful template for 
TYPE I ABC IMPORTERS
These mediate the uptake of ions, sugars, amino acids and other substrates, which are all captured by specific binding proteins that deliver them to the transporters (Davidson & Chen 2004 ). The TMDs generally contain 12 TM helices, and the fold of this subfamily has been established by the crystal structure of the molybdate/ tungstate transporter ModBC from Archaeoglobus fulgidus (figure 4; Hollenstein et al. 2007b ). The core topology contains 10 TM helices, and an additional, N-terminal TM helix wraps around the partner TMD, but is not present in all type I importers. For example, the molybdate transporter ModBC from Escherichia coli does not contain this helix. Two ABC importers of type I, the HisPQM system specific for histidine and the MalFGK system specific for maltose, have been studied extensively using biochemical techniques. The structure of ModBC is in agreement with all the data assembled from these systems. ModBC was captured in a nucleotide-free, inward-facing conformation. Soon after its publication, the structure of the maltose transporter MalFGK was also determined, revealing the same TMD fold but a distinct conformation which reflected an intermediate of the transport cycle (Oldham et al. 2007) . MalFGK was similar in conformation to Sav1866 in that it was ATP bound and outward facing. The opening to the outside, however, was covered by the attached binding protein MalE, which prevented the substrate (maltose) from escaping to the periplasm. Combined, the structures of ModBC-A and MalFGK-E define the two basic states of the transport mechanism of type I ABC importers (shown in figure 4c ). For several transporters, basal ATPase activity is observed in vitro and in the absence of substrate or binding protein, but the physiological relevance of this futile ATPase cycle is unclear. Some type I ABC importers are tightly coupled and do not exhibit futile ATP hydrolysis, which made it possible to unequivocally determine the reaction stoichiometry as two ATPs per transported substrate (Patzlaff et al. 2003) . Notably, futile ATP hydrolysis has recently been observed in the yeast multi-drug ABC transporter Pdr5 (Ernst et al. 2008) . The relevant point for a productive transport cycle through type I ABC importers is that upon binding of ATP, a transient-binding pocket for substrate is formed within the translocation pathway, but is only accessible from the outside. This is coupled to the release of the substrate from the binding protein by means of spreading of its lobes. The substrate may then travel into the translocation pathway and bind to the transient binding site, as observed in the maltose transporter structure (Oldham et al. 2007 ). Hydrolysis of ATP and flipping of the TMDs to the inward-facing conformation occlude the transient binding site and eject the substrate into the cytoplasm. 
TYPE II ABC IMPORTERS
Importers of type II facilitate the uptake of metal chelates that are generally larger than the substrates of type I ABC importers. Examples of substrates are cobalamine (vitamin B 12 ) or haem (DeVeaux & Kadner 1985; Griffiths & Williams 1999) . The acquisition of haem-bound iron from the host organism is medically relevant because it has been associated with virulence of certain pathogenic bacteria (Pattery et al. 1999; Janakiraman & Slauch 2000) . Type II importers have a distinct TMD architecture from those of type I, with 10 helices in each TMD for a total of 20 transmembrane segments in the assembled transporter (figure 5a).
The architecture was revealed in the crystal structure of the E. coli vitamin B 12 transporter BtuCD (Locher et al. 2002) . Since then, two more crystal structures have been determined, one of the homologous HIF protein (HI1470/71) from Haemophilus influenzae (Pinkett et al. 2007) , and that of the BtuCD protein in complex with the binding protein BtuF (Hvorup et al. 2007 ; figure 5b ). The structures of BtuCD, HIF and BtuCD-F demonstrated that a subset of TM helices (3-5a) can adopt one of two conformations (figure 5c). In BtuCD, both the TMDs adopt conformation 1, which results in an outward-facing translocation pathway. In HIF, they adopt conformation 2, resulting in an inward-facing translocation pathway. In BtuCD-F, one TMD adopts conformation 1, whereas the other adopts conformation 2, resulting in an occluded translocation pathway. In none of the structures is there a substrate bound in the translocation pathway, and the surfaces of the cavities in the TMDs bear no resemblance to binding pockets for B 12 or haem. This has led to the notion that type II ABC importers provide inert ('Teflon') translocation pathways with little or no affinities for their substrates. The specificity of the transport reaction therefore appears to depend exclusively on the cognate binding protein and its interface with the TMDs. An intriguing finding was that there was no apparent correlation of the TMD conformations with those of the NBDs, as all three crystal structures were nucleotide free. There are two equally likely explanations: one is that the purification and crystallization conditions (in particular the presence of detergents) have induced partial uncoupling of the TMD and NBD conformations. The other explanation is that the transport mechanism of type II ABC importers may operate on a modified scheme when compared with that of ABC exporters or type I importers. Further structural and functional studies are required to clarify this point.
FUTURE CHALLENGES
The progress in revealing the basic folds and conformations of ABC transporters by X-ray crystallography will allow various unanswered questions to be addressed. As was the case with other biological problems, bacterial model systems have paved the way for a mechanistic understanding of the transport cycle, and will probably continue to be useful in the coming years. In particular, they will be useful to understand how multi-drug ABC transporters recognize diverse drugs, or how inward-facing conformations of ABC exporters may bind substrates. Eukaryotic ABC transporters are also involved in other processes such as gated chloride flux through CFTR (Sheppard & Welsh 1999; Riordan 2005; Gadsby et al. 2006) , the regulation of potassium channels by SUR1 (Campbell et al. 2003) or the loading of antigenic peptides onto MHC class I molecules by Tap1/2 and tapasin (Abele & Tampe 2004) . These processes cannot be modelled readily using bacterial homologues, suggesting that direct structure determination is required to understand their mechanisms. A better understanding of ABC transporters will require a combination of structural, biophysical, biochemical and physiological studies. As with any membrane protein, structural characterization at high resolution requires crystallization, which in turn requires the proteins to be extracted from the membrane using detergents. Our experience has shown that ABC transporters are extremely dynamic molecules that are not easily coerced into an ordered lattice of a three-dimensional crystal. In addition, there is always the risk that the detergents not only remove the membrane lipids, but also simultaneously alter the conformation of the protein. Thus, the validity of crystal structures of full ABC transporters must be evaluated on whether the conformations are mandatory intermediates of a transport cycle. Despite this caveat, structures are indispensable for a detailed understanding of ABC transporter function.
